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Cultivation of the ubiquitous marine bacterium SARI 1 
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The alpha proteobacterium SARI 1 was among the first new organisms discovered 
when cultivation independent approaches based on ribosomal KNA gene cloning 
and sequencing were applied to survey microbial diversity in natural ecosystems 1 . 
It accounts for 26% of all ribosomal RN A genes detected in seawater, and has been 
found in every pelagic marine bacterioplankton community studied by these 
methods 2 . SAR11 is representative of a pervasive problem in microbiology: despite 
its ubiquity, it has defied cultivation efforts, Cenetic evidence suggests that diverse 
uncultivated microbial taxa dominate most natural ecosystems"*" 5 , prompting 
widespread efforts aimed at elucidating the geochemical activities of these 
organisms without the benefit of cultures for study* . Here we report the first 
isolation of SARI 1. Eighteen cultures were obtained by means of newly developed 
high throughput procedures for isolating cell cultures by the dilution of natural 
microbial communities into very low nutrient media. The volume of these cells, ca. 
0.01 um\ places them among the smallest free-living cells in culture. 

In an effort to isolate some of' the ubiquitous uncultivated bacteria and urcluca 
that dominate marine hactenoplankton communities", fresh < )renon coast seawater 
samples were inoculated into microliter dash wells h\ dilution, such that on the a \ crane 
each well received 22 microbial cells Media consisted of sterile ( he^on coast scawatcr 
supplemented with phosphate and ammonium, or phosphate, ammonium and a defined 
mixture oi organic carbon compounds I hc technique of isolating cells h\ dilution into 
-e.cn h/ec. natural w aters o; othei dilute media lias been used pie\ ious|\ * [his .ippro.ichi 




rakes advantage of the tact that substrate concentrations and cell numbers in natural 
waters are typically about three orders of magnitude less than in common laboratory 
media. The approach we used to isolate SARI 1 was similar but involved modifications 
to a microliter dish format and the use of a new ly developed procedure for making arravs 
ot cell cultures on microscope slides, coupled with fluorescence in utu hybridization 
(HSU)'" 1 These procedures were designed to increase the rate at which cultures could 
be obtained and identified. In this experiment, 2XN dilution cultures of 1 ml volume were 
inoculated and screened. * 

After incubation at 1 S X for 23 days in either the dark or under a 14:10 hght:dark 
cycle (approximately 400 umol m : s 1 irradiance), culture wells were tested for 
replicating cells by arraying cells on polycarbonate membranes The limit of detection 
with this method is approximately 2 x 10* cells ml ! , and it requires only 100 ul (ca. 200 
cells) Cultures that tested positive by staining of arrays with the DNA-binding dye 4\0- 
dtamidmo-2 -phenvl indole ( DAPl ) i; were further screened by MSH with a set of four 
tluorescently-Iabeled oligonucleotide probes specific tor SARI 1 loS rRNA d ig 1 I Ten 
axenic cultures and N mixed cultures of SAR 1 1 were prelimmariK identified. Isolates 
were obtained m cultures incubated m the dark and under a light -dark duel c\cle. as well 
as in the medium containing natural organic carbon and medium supplemented with a 
defined mixture of carbon compounds Isolate identity was confirmed b\ a combination 
of nbosomal R\ \ gene sequencing and restriction fragment length polymorphism 
(RIT Pi analysis of PC R amplified ! hS rl)\ A I he ten axenic isolates of SARI 1 \ielded 
identical RIT P patterns, and 1 OS rl)\A sequence anal\ sis ot three isolates also showed 
them to be identical 

1 he nearl\ complete 1 oS rl)\ \ sequence from one SARI ] isolate t strain 

I I IV( I'M-li uas almost uientua! ; s ]P uian to :R\ \-ecnc ■o'liMimim clones 




recovered from coastal seawater of Arctic Alaska \ the coast of Plymouth. Ik* ( hg. 2 ). 
and the Santa Barbara Channel 1 ' (data not shown) Comparative sequence analysis of 
loS rRNA genes shows SARI 1 and relatives to be a rapidly evolving, deeply branching 
cluster of the alpha subclass of Proteobaetena (fig. 2). Members of this group show less 
than K2 ( \> sequence similarity to cultivated members of the alpha Proteobaetena Since 
its original discover) in the Sargasso Sea. members of the SAR 1 1 cluster have been 
recovered in every 16S rRNA gene clone library constructed with universal or bacterial 
PCR primers from marine prokaryotic plankton samples, including coastal and near-shore 
waters 1 " "\ marine samples from a depth of 3000 m r , and freshw ater lakes 18 lw 

The grow th constant for the isolates was 0.40-0. SX d" : While this rate of cell 
division is low in comparison to v alues typical of cultivated bacteria, it is not unlike the 
measured growth rates of marine bacterioplankton communities in nature, which vary 
from 0.05-0.3 d 1 (ref. 20) 

I he si/c and morphology ot the isolates was identical to SAR 1 I cells m natural 
populations observed bv fluorescence in \-iru hybridization. SARI 1 cells are crescent 
shaped (vibrioid). Si/e estimates made bv transmission electron microscopy on a culture 
of II TCC1014 cells indicate that it is one of the smallest cells known dig. }). Cell length 
varied from n r.i)^) um w hilc the average cell diameter was measured at 0. 12 to 0.2 
urn I he si/e uncertainties ot these estimates arise Irom natural variation in cell length 
associated with cell division, and uncertamtv about whether a liehtlv staining structure 
observed on the outwardlv curved lateral surface of celN is enclosed bv membrane i 1 le 
; 1 f ^ a ceil of o 4 \ 0 2 um. which is a conservative estimate of the si/e of a SAR 1 1 
veil emerging from div ision. the eel! volume is about on] um' 1 his estimate is 
approximate, since the cells were measured after tlxauon in glutaraldehvde. which mav 
hav e caused shrinkage 




Reliable data on the sizes of the smallest cells are scant ( )ne report places the 
diameter of the smallest cultured microorganisms (mycoplasmas) at 0 34 urn (0.021 
unT). which is about twice the si/e of a SARI I cell :! . However, some measurements 
suggest that Thcrmoplasma sp, may be considerably smaller". The theoretical lower si/e 
limit for an autonomous cell has been estimated from a list of essential maeromolecular 
components identified by comparative genomics 2 \ SARI 1 cells are 1 4 fold larger than 
this minimum estimate By way of comparison, an /:'. call cell of 1.3 x 4 um occupies a 
volume of about 4 T um\ 470 times the volume of SARI 1. Our measurements were 
made on dividing populations of cells that were fixed in aldehydes, factors which 
respectively may increase or decrease the apparent si/e of cells. 

Regardless, the small size of SARI 1 is noteworthy, particularly considering that 
this organism is wonderfully well adapted to a life of autonomous replication. The 
success of this cultivation approach with SARI 1 may be attributed to a number of 
factors, including the use of pristine seawater as a medium, the relativeK large number of 
cultures screened, and the low growth rate detection threshold of the procedure Access 
to SARI 1 cells in culture will provide an unusual opportunity tor genome sequence 
analysis of an organism that has global biogeochemical significance and can be 
manipulated in culture It may also pro\ ide insight into the adaptations of cells to ver\ 
low nutrient s\ stems, and. because ot' the extraordinarily small m/c. the study of S AR 1 1 
should also refine our understanding of the minimal macromoiecular machines required 
for autonomous cellular replication 

Methods 

Sample collection and eiilturiny. \ water simple ua> collected in a 1 lure \iskm horde 
fitted \\ i iH a ! eflon -coaled spring from a depth of hhn at station \1 i 1 \ 1 * mile> west ,»! 
> aquin.; 1 L .iC. \ >rcg< »n n\ the \ ;u 1 1\ drograplnc hue ■■ - * M \ ' \ \ j ^ ; " 1 ' \\ . 




The bottle was immediately stored m a cooler with cold packs to maintain a temperature 
similar to surface water at this station ( 12.0 C) until further laboratory processing (3 h 
from sample collection). We employed two types of media: sterile coastal Pacific Ocean 
seawater amended with 1.0 [am NHjCl and 0. 1 uAI klFPOt. and the same medium 
amended with 0.00 1 ( \. (w v) D-glucose. I)-nbose, succinic acid. p\ruvic acid, glycerol 
and N-acetyl glucosamine; 0.002" <> (v \ ) ethanol; and Ya vitamin mix at a 10"* dilution of 
stock" 4 

Fluorescent Microscopy, for the identification of SARI 1 containing cultures by FISH, 
100-200 1 from each culture well was fixed with 0.2- 1 filtered paraformaldehyde (2°<> 
final concentration) and filtered onto 0.2- _m polycarbonate membrane filters. FISH was 
performed essentially as described"", with the following modifications (R. Morris, 
unpublished data) Hybridization reactions were performed at a temperature of 35 C for 
3 to 12 h duration in hybridization buffer consisting of 900 m\1 NaCl, 20 m.M Ins (pil 
~\4), 0.01'\. (w \ } sodium dodecyl sulphate (SI)S). 15 n n formamide and four Cv3 labeled 
oligonucleotide probes targeting SAR 1 1 nbosomal RNA at a final concentration of 2 

1 each. Optimal h\ hi idi/ation stringency was achieved hv washing the membranes tor 
two 1 5 mm intervals at 55 C m 150 m\1 NaC'l. 20 m\l I ris ipH " 4i. 0 m\1 
ethylenediaminetetraacetic acid ( hi) I A 1 and 0.01",, SDS After mounting filters m 
Citifluor ( 1 ed Pella). C\ 3-positivc and I) AIM-posim e cells were counted tor each field of 
\ lew using a I eica DMRH cpitluorescence microscope cuuipped with a Hamamatsu 
< >RC VI R CCD digital camera, filter set< appropriate foi < \ ; and DAN. and Scunaluics 
I PI ab \ ; 5 5 scientific imaging M>ftwaie 

F.lcetron \licrnscop\. CelN were mitialK concentrated b\ cen-rilugation 01 Ynasciencc 
\ i\aspm 5()|) ultrafiltration concentrators and re^u-pended in stenle seawater containing 
" ^ ■ elutaraldeh\ de \fter centnfugation of concentrated cc!i sjsiviMi'ib onto 




Formvar-coated copper iind.s. cells were prepared tor imaging by eithei negative staining 
with 2"«. uranyl acetate (pH 4 0), or shadowing with gold platinum Fluoresbnte beads 
(0514 : 0.015 m diameter) were included in the preparations as an internal si/e 
standard 

Phylogenetic analysis, (ienomie DNA was isolated from 200 1 of culture using a 
Oiagen DNeasy Tissue kit after two freeze -thaw cycles Due to the small amount of 
starling material, a semi-nested PIR reaction was required to obtain sufficient product 
for further characterization. Ribosomal DMAs were initially amplified in a 50 _1 PCR 
reaction using the primer pair 27F-1492R for 30 cycles. One J of this product was used 
as template for a second 50 1 reaction using 27F-1406R (DNA sequencing) or 5 W- 
1406R (RFLP) PCR products were cleaned with a Qiagen QiaQuick PCR purification 
column and sequenced on an AB1 377 automated sequencer Sequences were aligned 
with a database of over 1 1.501) SSI ' rDN' A sequences maintained with the ARB softw are 
package" Phylogenetic analyses w ere performed with the program P A I P* 4.0 beta S 
(ref . 2S ). and included l >5 1 unambiguously aligned nucleotide positions The tree 
topology was interred by maximum likelihood employing a heuristic search and tree- 
bisection-reconnection ( I BR) branch swapping options, a transition trans\ersion ratio 
estimated from the data ( 1 425 l >(i). and nucleotide freuuencies estimated from the data, 
[bootstrap proportions from loot) resamplings were deteimmed imm-j evolutionary, 
disiances calculated with the Kimura 2-parametei model tor nucleotide chanue. a 
transition tran^erMon ratm estimated from the data, and neighbour u >imne 

References 

i (uo\annom ( s J . Bntschgi. 1 R . \lo\er. < 1 ,V Field. K h ( icnetic di\ ei sit\ 

in Sargasso sea r \icten^plauk*on 345. ?mi-^> i |ooih 




2 (urn annum. S & Rappe. M in Microhm! lunlo^y <>t (he Occiins led. Kirchman. 

|) l ) -T-X4 (John Wile\ cV: Sons. Inc . New York. 2000) 

Hugenholt/. P., (ioebel, H M. & Pace. N. R Impact of culture-independent 
studies on the emerging phylogenetic view of bacterial diversity J Bacterial. ISO. 47(o- 

4. Pace. N. R. A molecular \ie\v of microbial div ersity and the biosphere. Science 
276. o4-740 ( 1 W7) * 

5 Ward. I). M, Bateson, M. M Weller. R & Ruff-Roberts, V L Ribosomal RNA 
analysis of microorganisms as they occur in nature. AJv Microb hcol 12. 21° 286 
< 1 W2). 

(\ Beja. ().. Spudich. P N.. Spudich, J I ... Leclerc. M & Del ong, I-:. I 
Proteorhodopsin phototrophy m the ocean Wirure 411. "Nh-^S 1 ) (2001 1 

Stem. J I . Marsh. I I . \\ u, K V . Shi/uva. 11 A: Del. ong. 1 I 
Characterization of uncultiv ated prokaryotes isolation and anaKsis of a 40-kilobase-pair 
genome fragment from a planktonic marine archaeon ,/ Bactcrmi ITS, > l >lo l > 1 ) \ N%) 

n Schut. 1 et af Isolation of typical marine bacteria b\ dilution culture growth, 

maintenance, and characteristics ot isolates under laboratory conditions !/>/'.' i'ji\u<>>\ 
Mn farm! > l ). 2 1 mi-2 1 N) i 1 00 ; i 

k > Button, I) K . Schut. 1 . Huang. P . Martin. R \ Robertson, H \ iabilit\ and 

isolation ot marine bacteria b\ dilution culture theotv. procedures, and initial results 
\rri !->i\!>;>fi Mn rnhmi ss|-Soi i|oo;) 




10 (iiovannoni. S J.. DeLong. 1- f , Olsen. (i .1 & Pace. N K Phvlogenetic group- 
specific oligodeoxynucleotide probes tor identification ot single microbial cells ./ 
Bacterial. 170. 720-72<i ( 1 V>SN). 

1 1 Amann, R [., Krumhol/. I & Stahl. I) A fluorescein-oligonucleotide probing 
ot whole cells tor determinative. phylogenetic, and environmental studies in 
microbiology../ Bacterial. 172.^62-^0(1990). 

12. Porter. K Ci. & feig, V. S The use of DAPI for identifying and counting aquatic 
microflora. Limnol Occanogr 25, 94V94N ( 1980) 

13. Yager, P. L. et al. Dynamic bacterial and viral response to an algal bloom at 
sub/ero temperatures. Limnol. Oceanogr. 46. 790-801 (2001 ). 

14. Roehelle. P. A et al in Suclcic Acids in the Environment (eds Trevors, J. I & 
\an ITsas. J 1) ) 2 1 l )-2.V) ( Sprmger-X crlag. Berlin. 1 90s ) 

Dcl.ong.I-. I , 1 ranks. Dei \: Mldredge. \ I Pin logenetic di\ ersity of 
aggregate-attached vs. tree-living marine bacterial assemblages I imnni ( )ceano^r }H. 
024-9 U ( 199.. ) 

io Rappe. \1 S . Kemp. P I t \; I iio\ annoni. S ) Pin logenetic dr. eiMt\ ot mai me 
coastal piconlankton 1 oS i R\ \ series cloned from the continental -hell ■ -tf ( ape 
llatterav North t arolma I.imnot (hta'u>u y 42. s I ! -S2t> i I , 

I" luhrman. .1 A \: Davis. A \ W idespread .Irchaea and noxel />,/, tcna iron; the 
deep sea as shown b\ loS rR\A gene sequences \fa/ i\ C s, >■ 150,2^-2^ 




IX Bahr, M., Hobbie, J. L k Sogin, M I Bacterial diversity in an arctic lake: a 
freshwater SARI 1 cluster. Aquat Microh luol 1 1 , 2~ 1 -2"" ( 1 

19 Methe. B A . Hiorns, \V I) & Zehr. J IV Contrasts between marine and 
freshwater bacterial community composition; Analyses ot communities in Lake dcome 
and six other Adirondack lakes. Limnol (heanogr 43. 36X-374 ( 199X). 

20 Ducklow. H in Microbial Ecology of the Oceans (ed. kirchman, I) L.) K5-120 
(John Wiley & Sons, Inc., New York, 2000) 

21 Maniloff. J. Nannobactena: si/e limits and evidence Science 276. 1773-1776 

(1997) 

22 Langworthy. T A in Sergey's Manual of Systematic Bacteriology (eds. Boone, 
1). R. & ( astenhol/, R. W.) 335-339 ( Sprmger-Yerlag, New York. 2001 ) 

23 \Uishegian. A R A: Koonin, I V A minimal gene set tor cellular lite deri\ ed b\ 
comparison ot complete bacterial genomes. l } roc \'atl Acad Sci I SA 93. 1 020S- 1 02 " 3 

( 

-4 Da\is, H.C & C mi Hard. R R 1 Relative value often genera of micro-ortianisnis 
as food tor oyster and clam lar\ae. I S! r li'S I'i>n Hull 136 (vol. 58). 293-304 ( hJ5.N] 

2 s (ilockner. 1 O et al An in situ hybridization protocol tor detection and 
identification ot planktonic bacteria v. stew f/yv \ficr. >; 19. .;u3-40h , ] ui) m 

2o Hicks. R I . Am ann. R I \ Stahl. I) A Dual staininu ot natural 
bactenoplankton u ith 4'.o-diamidino-2-phenvlindoie ami fluorescent oligonucleotide 
!M"obc- \ipjeting kingdom-level ! hS rRNA -euuences \prl I: n\ :>■<»: !/;(■»■../>.,,; 58. 
2!^ :1m3 i |ou2i 




2T l.udwig. \Y et al Bacterial phyloyeny based on comparativ e sequence analysis. 
fch'iitophori'sis 19, 554-56N ( 1WS) 

2S. Swofford, I). (Sinauer Associates. Sunderland. Massachusetts, 2000}. 
Ac km ns lodgements 

We thank K. Morris and C Alexander tor technical assistance; A Soeldner and M Ne^on lor electron 
microscopy experti.se. I. rcinberu tor Oil) data, and the crew of the RY Hlakha This research was 
supported by Diversa C orp and the National Science Foundation. 

Correspondence and requests for materials should be addressed to S.JXi. (e-mail: 
steve. giovannonifa orst.edu). The sequence reported in this study has been 
deposited in GenBank under accession number xxxxxxxx. 

Figure Legend 

Figure 1 Fluorescent in situ hybridization of axemc SAR1 1 strain HTCC1014 
cells, Identical field viewed by: a, epifluorescence microscopy with cells stained 
with the DNA-specific dye DAPI: and b. epifluorescence after hybridization with 
four Cy3-labelled oligonucleotide probes targeting SAR1 1 cells Scale bar is 1 
pm. 

Figure 2 Phylogenetic relationships between strain HTCC1014 and 
representatives of the SAR11 cluster and alpha Proteobactena inferred from 16S 
rRNA gene sequence comparisons The Gram-positive bacteria Bacillus subtilis 
and Marinococcus halophilus were used as outgroups. Bootstrap proportions 
over 70% that supported the branching order are shown. The scale bar 
corresponds to 0.05 substitutions per nucleotide position. Also included in the 
analysis were Gamma Proteobactena. Alteromonas macleodii and Mannobacter 




hydrocarbonoclasticus: Beta Proteobactena. Methyiophilus methylotrophus and 
Polynucleobacter necessarius. 

Figure 3 Electron micrographs of SAR11 isolate HTCC1 014 The latex beads 
have a diameter of 0.514 pm. a, transmission electron micrograph of shadowed 
cells with the typical SAR1 1 morphology, b, transmission electron micrograph of 
a negatively stained cell. 
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